superoxide production of murine neutrophils 2.5S nerve growth factor enhances survival, phagocytosis, and http://bloodjournal.hematologylibrary.org/site/misc/rights.xhtml#repub_requests Information about reproducing this article in parts or in its entirety may be found online at: The effect of 2.5s nerve growth factor (NGF) on survival, phagocytosis, and superoxide production of murine neutrophils was examined and compared with the effects of interleukin-3 (IL-3) and recombinant GM colony-stimulating factor (rGM-CSF). NGF enhanced the viability of neutrophils isolated from peripheral blood and peritoneal cavity in a dosedependent way. IL-3 50 U/mL had no effect. rGM-CSF 50 U/mL had an effect similar to that of 50 ng/mL NGF. NGF also enhanced the phagocytosis of hydrophilic microspheres by peritoneal neutrophils, and the activity of NGF was greater ERVE GROWTH FACTOR (NGF) is a neurotrophic N polypeptide required for normal growth and development of sympathetic and embryonic sensory neurons'*2 and certain cholinergic neurons in the central nervous ~y s t e m .~'~ NGF can be isolated in relatively large amounts from murine submaxillary gland^.^,^ NGF of murine origin can be isolated as a protein complex (140 kD) made up of dissimilar subunits termed a, P, and Y .~" Only the p-subunit (13 kD), P-NGF, which is commonly called 2.5s NGF, has nerve growth-promoting activity. NGF has also been reported to have biologic activity over and above its action on neuronal tissues: eg, NGF causes degranulation of rat peritoneal mast cells,9 induces shape changes in platelets," and accelerates wound healing, possibly through its activity as a colony-stimulating factor (CSF)." Thorpe and Perez-Polo suggested that NGF has effects on lymphocyte proliferation," and Chesa et a1 showed that some human lymphoid cells appear to express NGF receptor^.'^ Moreover, Matsuda et a1 reported that NGF promotes growth of granulocytes, macrophages, and eosinophilsibasophils in methylcellulose cultures of human peripheral blood mononuclear ~e1ls.l~ Together, these data suggest a possible role of NGF in the regulation of inflammatory responses.
The effect of 2.5s nerve growth factor (NGF) on survival, phagocytosis, and superoxide production of murine neutrophils was examined and compared with the effects of interleukin-3 (IL-3) and recombinant GM colony-stimulating factor (rGM-CSF). NGF enhanced the viability of neutrophils isolated from peripheral blood and peritoneal cavity in a dosedependent way. IL-3 50 U/mL had no effect. rGM-CSF 50 U/mL had an effect similar to that of 50 ng/mL NGF. NGF also enhanced the phagocytosis of hydrophilic microspheres by peritoneal neutrophils, and the activity of NGF was greater ERVE GROWTH FACTOR (NGF) is a neurotrophic N polypeptide required for normal growth and development of sympathetic and embryonic sensory neurons'*2 and certain cholinergic neurons in the central nervous ~y s t e m .~'~ NGF can be isolated in relatively large amounts from murine submaxillary gland^.^,^ NGF of murine origin can be isolated as a protein complex (140 kD) made up of dissimilar subunits termed a, P, and Y .~" Only the p-subunit (13 kD), P-NGF, which is commonly called 2.5s NGF, has nerve growth-promoting activity.
NGF has also been reported to have biologic activity over and above its action on neuronal tissues: eg, NGF causes degranulation of rat peritoneal mast cells,9 induces shape changes in platelets," and accelerates wound healing, possibly through its activity as a colony-stimulating factor (CSF)." Thorpe and Perez-Polo suggested that NGF has effects on lymphocyte proliferation," and Chesa et a1 showed that some human lymphoid cells appear to express NGF receptor^.'^ Moreover, Matsuda et a1 reported that NGF promotes growth of granulocytes, macrophages, and eosinophilsibasophils in methylcellulose cultures of human peripheral blood mononuclear ~e1ls.l~ Together, these data suggest a possible role of NGF in the regulation of inflammatory responses.
CSFs can influence the survival and function of inflammatory cells; eg, granulocyte-macrophage CSF (GM-CSF) prolongs s~rvival,'~ enhances superoxide production induced by N-formylmethionylleucylphenylalanine (fMLP), 16, 17 and has the functional activity of inhibition of neutrophil o 1991 by The American Society of Hematology.
migration.'* Interleukin-3 (IL-3) is reported to prolong the survival, enhance the functional properties of eosinop h i l~, '~, '~ and cause basophils to release histamine." In this study, we examined the effects of NGF on the survival, phagocytosis, and superoxide production of neutrophils and compared these with the effects of IL-3 and GM-CSF.
MATERIALS AND METHODS

Mice.
Mice of the WBB6FI strain (WB x C57BLl6) were raised in our laboratory?' The parents originated from the Jackson Laboratory, Bar Harbor, ME. Male mice aged 2 to 6 months were used in the experiments.
NGF was isolated in the 2.5s form from murine submaxillary glands according to methods previously described.6 NGF was further purified by gel-filtration and affinity-column chromatography with murine IgG monoclonal antibody (MoAb) to 2.5s NGF (clone pl, provided by Dr E.M.
Shooter, Stanford University). The ultrapurified 2.5s NGF preparations eluted as a single protein peak on TSK 3000 highperformance liquid chromatography (HPLC) column (Beckman Instruments, Fullerton, CA) with a retention time that corresponded to the 27-Kd (2.5s NGF) dimer.I4 No endotoxin activity was detected by limulus assay even at a high concentration (1 &mL) of the ultrapurified preparations.
After mice were anesthetized with ether, blood was collected from the axillary artery and heparinized (2 UImL). Leukocytes were isolated as previously described.z2 Blood was diluted approximately tenfold with phosphate-buffered saline (PBS) adjusted to the osmolality of mouse serum (MPBS) and centrifuged at 175 g for 20 minutes at 4°C. Supernatants were removed, and the erythrocytes in the sediments were lysed with distilled water.
After cells were washed twice with MPBS, they were loaded onto Percoll (Pharmacia Fine Chemicals AB, Uppsala, Sweden) density gradients. The proportion of neutrophils was 28% (range 20% to 33%) before purification on Percoll.
Mice were injected intraperitoneally (IP) with 1 mL 2% sodium caseinate (Wako Pure Chemical Industries, Osaka, Japan) in MPBS. Four hours later, PEC were collected by the lavage of the peritoneum of each mouse with a total volume of 10 mL minimal essential medium (MEM) containing 10 U/mL heparin. The proportion of neutrophils in PEC was 65% to 85%. PEC were washed once with MEM and fractionated on Percoll density gradients.
Percoll was diluted according to the method of Hart et aLz2 Nine volumes of Percoll were mixed with 1 vol lox-concentrated Ca2+-free and Mg2'-free (pH 7.2) Hanks' balanced salt solution (HBSS). The solution was stored at 4°C until
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For personal at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From used. It was further diluted with single-strength HBSS supplemented with 10 mmolb HEPES to 45%, SO%, 55%, 70%, and 81% of Percoll. These solutions were of 1.0575-, 1.0634-, 1.0693-, 1.0871-, and 1.1002-dmL density, respectively. Each solution was layered into 15-mL centrifuge tubes (Coming Glass Works, Corning, NY) successively 3,2,2, and 2 mL with Pasteur pipettes. Three milliliters of the cell suspension was diluted in 45% Percoll and layered on the top of the gradient. Tubes were centrifuged at 1,600g for 30 minutes at 10°C. The pellets containing most of the neutrophils were washed twice with MPBS and resuspended in MEM containing 10% fetal calf serum (FCS, Hyclone, Logan, UT). The final purity of neutrophils was between 80% and 95%.
All cultures were made in 96-well tissue culture plates (Nunc, Roskilde, Denmark). Each well contained 50 p L MEM supplemented with 10% FCS and 103 purified neutrophils with or without dilution by NGF, purified murine IL-3u (a gift from Dr J.N. Ihle), or murine recombinant GM-CSF (rGM-CSF, Genzyme, Boston, MA). Plates were incubated at 37°C in a fully humidified atmosphere of 5% CO, in air. At the designated time, the cell number was counted under an inverted microscope, and viability was determined by Trypan blue exclusion. The percentage of sulvival of the neutrophils was calculated as follows: 100 times the total number of cells remaining times the percentage of cells excluding Trypan blue divided by the original number of cells seeded.
Neutrophils purified from PEC were suspended at a concentration of 2 x lo6 cells/mL in HBSS with Ca2' and M$+ supplemented with 20 mmol/L HEPES. Hydrophilic microspheres (2-km diameter, Lumispheres, Toray Techno, Siga, Japan) were suspended at a microsphere concentration of 2 x 108/mL in MPBS. Fifty microliters of cell suspension was added to 40 pL HBSS, 10 p L Lumisphere solution with or without various concentrations of NGF, and 50 U/mL IL-3 or 50 U/mL rGM-CSF. The mixture was incubated for 20 minutes at 37°C. To stop the phagocytic response, 1 mL of cold Ca2+-free and M$+-free MPBS was added. It was centrifuged at 200 g for 5 minutes. Ten microliters of tenfold-diluted Fuchsin solution was added to the pellet. The extent of phagocytosis was assessed by light microscopy (~400). Extracellular Lumispheres were stained with Fuchsin, but those phagocytized by cells were not stained. Two hundred cells were assessed, and the number of cells phagocytizing Lumispheres was counted and expressed as the percentage of cells undergoing phagocytosis.
PMA (Sigma Chemical, St Louis, MO) was suspended at a concentration of 25 pg/mL in ethanol and stored at -20°C until use. The stock solution was diluted at a concentration of 1.2 pg/mL with HBSS. Zymosan A (Sigma) was suspended in saline, heated at 100°C for 1 hour, and opsonized with fresh murine serum. It was centrifuged at 1,500 g for 30 minutes, and the pellet was resuspended at a concentration of 12.5 mg/mL in HBSS.
Neutrophils purified from PEC were suspended in HBSS with Ca2+ and Mg2', 10 m m o n HEPES, and 5% FCS and then preincubated with 50 ng/mL NGF or 50 U/mL rGM-CSF for various durations at 37°C. After incubation, 800 pL of the cell suspension (6.25 x 10' cells/mL) were mixed with 100 pL cytochrome C (Sigma, type V, 10 mg/mL) in HBSS with or without addition of 20 pL of superoxide dismutase (Sigma, 1 mg/mL) in HBSS, and incubated for 10 minutes at 37°C. Eighty microliters of PMA (1.2 pg/mL) or opsonized zymosan (12.5 mg/mL) was added. After incubation for 5 minutes at 37T, the reactions were terminated by cooling the samples and the supernatants were transferred immediately to cuvettes. Superoxide dismutaseinhibitable cytochrome C reduction was measured at 540 nm.
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Binding of NGF to neutrophils. The receptors were visualized by reacting the cells with NGF followed by anti-2.5s NGF MoAb. Peritoneal neutrophils were spun in a cytocentrifuge (Cytospin, Shandon Southern, Elliott, IL) at 800 rpm for 5 minutes. The specimens were fixed in a periodate-lysin-paraformaldehyde solution for 30 minutes at 4TZ4 and placed in 0.3% H,O, in methanol for 30 minutes at the room temperature to inactivate endogenous peroxidase. After washing with PBS three times, the cytocentrifuge preparations were incubated with 5 pg of NGF for 1 hour at room temperature and then reincubated with 1 kg anti-2.5s NGF MoAb (clone 61) at 4°C overnight. The specimens were washed with PBS, incubated for 1 hour with biotin-F(ab'), goat anti-mouse IgG (Zymed, San Francisco, CA) diluted 100-fold with PBS, washed again with PBS, and then treated for 1 hour with peroxidaseconjugated avidin (Dakopatts, Glostrup, Denmark) diluted 200-fold with PBS. The reaction product was visualized with diaminobenzidine-H,O, reaction.
RESULTS
Effect of NGF on survival of neutrophils isolated from peripheral blood and peritoneal cavity. Figure 1 shows the result of the experiments in which blood neutrophils were cultured for 6 days with 50 ng/mL NGF or 50 U/mL rGM-CSF or 50 U/mL IL-3, and their survival was assessed during the culture period. In control experiments, only 7% 2 1% (mean -+ SE, n = 5) of the starting population of neutrophils was viable after 6 days of culture in medium alone. In contrast, in the cultures containing NGF, the (n = 5, P < .001) of neutrophils survived for 6 days. IL-3 induced no significant increase of the viability of cells during culture.
Coculture experiments of NGF with rGM-CSF or IL-3 were performed. Survival of neutrophils cultured with 50 ng/mL NGF in combination with 50 U/mL rGM-CSF or 50 U/mL IL-3 was not improved as compared with cultures containing either cytokine alone (data not shown).
Survival of neutrophils infiltrating the peritoneal cavity after stimulation with sodium caseinate was also enhanced as compared with controls at any time point during the culture (n = 4, P < .05) when cells were cultured in the presence of 50 ng/mL NGF (Fig 2) .
Next, the activity of various concentrations of NGF in enhancing cell survival was examined at 2 days of culture for blood neutrophils and at 1 day of culture for peritoneal neutrophils (Table 1) . A dose-dependent effect of NGF on survival was noted for both peripheral blood and peritoneal neutrophils. Effect of NGF on phagocytosis of peritoneal neutrophils. The suspension of lo5 peritoneal neutrophils was incubated with Lumispheres and the three different cytokines for 20 minutes, and phagocytosis was assessed ( Table 2) . Addition of various concentrations of NGF or 50 U/mL rGM-CSF caused a significant increase in the number of phagocytic cells as compared with controls, whereas 50 U/mL IL-3 did not. NGF showed a significant increase in phagocytosis even at 0.5 ng/mL and showed maximum enhancement at 5 ng/mL.
Effect of NGF on superoxide production by peritoneal neutrophils. In the experiments in which peritoneal neutrophils were preincubated with 50 ng/mL NGF or 50 U/mL rGM-CSF for various durations, time-related enhancement of PMA-and opsonized zymosan-induced superoxide production was noted (Fig 3) . When neutrophils were incubated with NGF for 30 minutes before addition of PMA or opsonized zymosan, maximum reduction of cytochrome C occurred, 25 2 8 cells and 29 ? 8 nmol/5 X lo5 cells, respectively. rGM-CSF showed stimulating effect on both PMA-and opsonized zymosan-induced superoxide production, which was largely comparable with that observed in preincubation with NGF (Fig 3) . The direct effect of NGF or rGM-CSF on superoxide generation was then examined; 
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We showed that NGF also enhanced survival and phagocytosis of infiltrated neutrophils stimulated by sodium caseinate, and there was a diffcrence between dose depcndency of NGF on survival and phagocytosis. NGF had no effect on survival of neutrophils at 0.5 ng/mL and showed dose dependency between 5 and 500 ng/mL, whereas it significantly cnhanced phagocytosis even at 0.5 ng/mL, reachcd a maximum at 5 ng/mL, and partially reduced phagocytosis at 50 and 500 ng/mL. Although the precise no neutrophils stimulated with each factor alone generated detectable amounts of superoxide (data not shown).
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NGF also stimulated both thc PMA-and opsonized zymosan-induced superoxide production by peritoncal neutrophils. PMA is a direct activator of protein kinase C, which acts at postreceptor sites:wJ' On the other hand, opsonized zymosan acts through surface membrane receptors (eg, receptors for the Fc domain of IgG or C3b).'*Thus, NGF may affcct both the stimulating mechanisms in superoxide production of neutrophils. Human purified and recombinant GM-CSFs are reported to enhance the superoxide production of human neutrophils induced by fMLP, which has an induction similar to that of opsonized zymoan.'^''^ In the present study, murine rGM-CSF had a stimulating effect on superoxide production induced both by PMA and opsonized zymosan. Wilson et reported that despite a low concentration of platelet-derived growth factor (PDGF)-stimulated phagocytosis of human neutrophils, PDGF partially inhibited opsonized zymosanmediated activation of superoxide production but had no effect on that induced by PMA. 33 Wilson et believed that this phenomenon resulted from the feedback system of regulation because the oxygen radicals generated during bacterial killing were also toxic and mutagenic in proliferating cells. Neither NGF nor rGM-CSF showed such a heterologous control mechanism for superoxide production, however. Therefore, PDGF released at inflammation sites might regulate superoxide production of migrated neutrophils possibly stimulated with other factors such as NGF and GM-CSF.
Both IL-3 and GM-CSF are hematopoietic growth factors that stimulate progenitor cells or various blood cells, including n e~t r o p h i l s ,~~~~~ and they have also been reported to have effect on murine inflammatory cells. Human GM-CSF appears to act on some neutrophil function^.'^-^^ Few receptors for GM-CSF exist on the surface of human neutrophil^.^^ Our results indicate that murine rGM-CSF enhanced the survival, phagocytosis, and superoxide production of murine neutrophils. On the other hand, investigators have shown that murine and human IL-3s enhance survival and functions of eosinophils but have no effect on ne~trophils'~~'~; we obtained a result similar to results obtained in those studies of murine neutrophils. The failure of IL-3 to stimulate neutrophils can be ascribed to the absence of receptors on ne~trophils.3~ The demonstration that NGF enhances survival and some functions of murine neutrophils, whereas rGM-CSF has a similar effect and IL-3 has no such effect, supports the concept that NGF may play a role in the early response of inflammatory and repair processes."
